Amyloid plaques are a characteristic feature in Alzheimer's disease (AD). A novel non-toxic contrast agent is presented, Gd-DTPA-K6A␤1-30, which is homologous to A␤, and allows plaque detection in vivo. MRI was performed on AD model mice and controls prior to and following intracarotid injection with Gd-DTPA-K6A␤1-30 in mannitol solution, to transiently open the blood-brain barrier. A gradient echo T2 * -weighted sequence was used to provide 100 m isotropic resolution with imaging times of 115 min. The scans were examined with voxel-based analysis (VBA) using statistical parametric mapping, for un-biased quantitative comparison of ligand-injected mice and controls. The results indicate that: (1) Gd-DTPA-K6A␤1-30 is an effective, non-toxic, ligand for plaque detection when combined with VBA (p ≤ 0.01-0.001), comparing pre and post-ligand injection scans. (2) Large plaques can be detected without the use of a contrast agent and this detection co-localizes with iron deposition. (3) Smaller, earlier plaques require contrast ligand for MRI visualization. Our ligand when combined with VBA may be useful for following therapeutic approaches targeting amyloid in transgenic mouse models.
Introduction
One of the defining lesions of Alzheimer's disease is the amyloid ␤ (A␤) plaque. With advances in imaging technology there has been extensive interest in developing techniques to detect A␤ plaques in live animals using approaches that may eventually be applied to humans. Positron emission tomography (PET) using a C11 labeled amyloid binding ligand has recently been shown to provide quantitative information on the amyloid burden in Alzheimer's disease (AD) patients (Klunk et al., 2004) . However, the low spatial resolution of PET does not allow the visualization of individual plaques and it is unclear whether it will be able to detect the earliest stages of amyloid deposition. It is particularly in these early phases of disease, prior to irreversible damage, that a diagnosis is most difficult to make while having potentially greatest value. Treatment initiated at this early stage will likely have the most dramatic effects on the subsequent amyloid burden, as suggested by therapeutic interventions in AD model animals (Sigurdsson, 2006; Wisniewski and Frangione, 2005) Amyloid plaque deposition tends to follow a stereotypic pattern with AD pathology progression in terms of regional distribution and density of plaque burden, while at the same time it is common for elderly individuals to have some degree of plaque burden, but to remain clinically asymptomatic (Braak and Braak, 1997; Price and Morris, 1999; Thal et al., 2000) . Magnetic resonance imaging (MRI) based plaque detection methods coupled with more accurate amyloid quantitation, may be superior to PET based methods at differentiating degrees of amyloid burden that are associated with early AD versus clinically normal aging. Furthermore, MRI is more widely available and does not require the use of radioligands. A␤ plaques have been detected after a 20 h imaging time in postmortem AD brain by T2 * -weighted MR micro-imaging (MRI) (Benveniste et al., 1999) , but this long imaging time is not feasible for in vivo plaque detection. Also, subsequent studies by other investigators failed to detect A␤ plaques in AD brain tissue by T2 * -weighted MRI although both field strength and resolution were substantially higher than in the prior study (Dhenain et al., 2002) . We have previously shown that A␤1-40 tagged with two paramagnetic MRI contrast agents, gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA) and monocrystalline iron oxide nanoparticles (MION), can be used to detect A␤ plaques ex vivo and in vivo in the brains of both APP (Hsiao et al., 1996) and APP/PS1 (Holcomb et al., 1998) transgenic AD model mice after intracarotid coinjection with mannitol to transiently open the blood-brain barrier (BBB) (Sigurdsson et al., 2004c; Wadghiri et al., 2003) . We and others have also shown that intravenous administration of putrescine modified, Gd-DTPA-A␤1-40 allows plaque detection ex vivo suggesting that this approach has a potential for in vivo detection of plaques (Poduslo et al., 2002) . More recently, we and other investigators have reported on plaque detection ex vivo (Lee et al., 2004; Zhang et al., 2004) and in vivo (Jack et al., 2004; Sigurdsson et al., 2004b) , without a contrast agent in old transgenic mice with mature plaques. It is likely that this is achieved because of enhanced iron content in mature plaques and may also be related to their compact nature. For early detection of plaques, which is more clinically relevant, it is likely that contrast agents will be needed. We were the first to report the detection of amyloid lesions in vivo using a contrast agent (Wadghiri et al., 2003, reviewed in Huddleston and Small, 2005) . In this initial study we used Gd-DTPA-A␤1-40. However, the use of full-length A␤ for this purpose may have toxic side effects and can actually promote plaque buildup, since A␤ is known to seed amyloid deposition (Jarrett and Lansbury, 1993) . Hence, we developed a compound, Gd-DTPA-K6A␤1-30, that does not form amyloid aggregates and is non-toxic while maintaining high affinity for A␤. We have previously used K6A␤1-30 and related derivatives as experimental vaccines against AD (Sigurdsson et al., 2001 (Sigurdsson et al., , 2004a . In this report we have evaluated the utility of this A␤ homologous peptide, which has therapeutic potential as a vaccine, for a dual use as a MRI contrast agent, when coupled with gadolinium. To analyze our data we used voxel-based analysis techniques (Friston et al., 1991 (Friston et al., , 1995 , comparing pre-and post-ligand injection images in both control and AD model mice.
Methods

Contrast agents
Peptide synthesis
K6A␤1-30 covalently linked on the N-terminus to the chelator diethylenetriaminepentaacetic acid (DTPA) was synthesized on an ABI 430A peptide synthesizer (AME Bioscience, Chicago, IL) at the Keck peptide synthesis facility at Yale University, CT, using a Vydac C18 preparative column, 2.5 cm × 30 cm (Vydac Separations, Hesperia, CA). Standard protocols for t-BOC (tert-butyloxycarbonyl) chemistry were used and the chelator was linked to the amino-terminus as the final step of synthesis. The peptide was subsequently cleaved from the resins using hydrofluoric acid and purified by high-pressure liquid chromatography (HPLC) on a Vydac C18 preparative column using linear gradients from 0 to 70% of acetonitrile in 0.1% trifluoroacetic acid.
Gadolinium chelation
Gadolinium (Gd) was chelated to DTPA-K6A␤1-30 by incubating the peptide in double distilled water, at pH 7.0 for 24 h with threefold molar excess of Gd, derived from Gd(III) chloride hexahydrate (Sigma, St. Louis, MO). The pH of the solution was adjusted to pH 7 with 1N NaOH and monitored with pH test strips. Mass spectroscopy of the lyophilized endproduct was used to verify the expected molecular weight.
Binding and toxicity studies
Experiments were performed to assess the ability of the magnetically labeled K6A␤1-30 peptide to bind to A␤1-42 peptide which is a major constituent of amyloid plaques both in AD and in its mouse models. Therefore, the calculated affinity constants approximate the binding of the MR ligand to A␤ plaques in the AD-transgenic mice. The interaction between Gd-DTPA-K6A␤1-30 and A␤1-42 was evaluated by enzyme-linked immunosorbent solid phase assays, similar to previously described protocols . Here, Gd-DTPA-K6A␤1-30 was coated onto the plate and binding of A␤1-42 was detected with an A␤1-42 specific antibody, whereas in our previous study, the plate was coated with A␤1-42 and binding of Gd-DTPA-A␤1-40 was detected with an A␤1-40 specific antibody. This mod-ification was necessary because an antibody that specifically recognizes K6A␤1-30 is not available. The specificity of Gd-DTPA-K6A␤1-30 binding to A␤1-42 could also be assessed by displacing it by DTPA-K6A␤1-30. All binding studies were performed in triplicate. Briefly, polystyrene microtiter plates (Immulon 2HB, Thermo Electron Corp., Milford, MA) were coated overnight at 4 • C with freshly dissolved Gd-DTPA-K6A␤1-30 in 50 mM NaHCO 3 (0.5 g/well) and then blocked for 1 h (Superblock, Pierce, Rockford, IL). The plates were washed 3 times before blocking and 3-4 times between all subsequent steps. The Gd-DTPA-K6A␤1-30 coated wells were then exposed to increasing concentrations (0-11,000 nM) of A␤1-42 in Tris-buffered saline for 3 h. Bound A␤1-42 was detected using an anti-A␤1-42 antibody (Biosource International, Hopkinton, MA) that does not cross-react with K6A␤1-30. The plates were incubated for 1 h with an anti-rabbit horseradish peroxidase-linked antibody (Amersham Biosciences, UK), developed for 15 min with a TMB peroxidase kit (Bio-Rad, Hercules, CA), and quantified at 450 nm on a 7520 microplate reader (Cambridge Technology, Watertown, MA). The data were analyzed by a nonlinear regression fit algorithm in Prism (v3.0, GraphPad Software, San Diego, CA). Controls for nonspecific binding included wells without coating with Gd-DTPA-K6A␤1-30 and omission of the anti-A␤1-42 or secondary antibodies.
The potential neurotoxicity of the MRI ligand, Gd-DTPA-K6A␤1-30, was evaluated at 6 days in a human neuroblastoma cell line (SK-N-SH) using the MTT assay as described previously (Sigurdsson et al., 2001 ). A␤1-42, K6A␤1-30 and DTPA-K6A␤1-30 were used as controls. The dose of each peptide was 10 mol/l, at which dose A␤1-42 is toxic in this culture model. Briefly, cells were plated at 10,000 cells per 100 l of culture medium per well in flat-bottom, 96-well microtiter plates. After cell attachment to the plate overnight in an incubator (37 • C; 5.0% CO 2 ), 10 l of freshly prepared peptide solution (in sterile H 2 O) was added. Subsequent steps were as described previously (Sigurdsson et al., 2001 ).
Mannitol co-injection
As with Gd-DTPA-A␤1-40 used in our prior report (Wadghiri et al., 2003) , Gd-DTPA-K6A␤1-30 does not cross the BBB in sufficient quantities for MRI plaque labeling, and must be co-injected into the carotid artery with mannitol. For mannitol co-injection, 400 g of Gd-DTPA-K6A␤1-30 or DTPA-K6A␤1-30 (controls) was dissolved in 100 l of water, and then diluted in 600 l of 15% mannitol in PBS immediately before infusion.
Mouse preparation and injections
The peptides were infused via the intracarotid artery using a PHD2000 computer-controlled syringe pump (Harvard Apparatus, Hollison, MA), as we have previously described (Wadghiri et al., 2003) . The infusion cannula was constructed from polyethylene tubing PE-10 (Intramedic, Becton Dickinson, Parsippany, NJ; i.d. = 0.28 mm and o.d. = 0.61 mm) by heating and stretching it to reduce its o.d. to approximately 0.25 mm. Anesthesia was induced with 5% isoflurane in air for 3-5 min, followed by 1-1.5% isoflurane in air to maintain anesthesia. The skin was subsequently shaved and cleaned with 70% ethanol around the injection site. Fine scissors were then used on the neck to expose the common carotid artery (CCA). For injection into the CCA, a 5-0 silk suture was tied loosely at the cephalic end of the right common artery and an identical suture was ligated at its central portion. Between the ligations, a puncture was made with a 30-gauge needle. Then, the modified PE-10 tubing, attached to a 1-cc syringe filled with labeled peptide, was introduced into the right CCA through the small puncture. The suture at the cephalic CCA was then tightened around the intraluminal catheter to prevent bleeding. During the injection, the left CCA was temporarily clamped with a microvascular clip. Clamping briefly increases intraarterial pressure that promotes the osmotic BBB passage of the contrast agent. The clamping interval needs to be determined empirically and may depend on the animal model, age, contrast agent, its dose and solvent, as well as the volume and rate of injection. Under our conditions, periodic clamping for a few seconds at a time throughout the injection interval, while maintaining a normal breathing pattern in the mouse, enhances consistency in plaque labeling with contrast agent. Prolonged clamping, however, may lead to non-specific vascular labeling which can be identified on MRI images by its streak-like vascular pattern. The Gd-DTPA-K6A␤1-30/mannitol mixture (600 l) was injected into the carotid artery at a rate of 60 l/min. Following the injection into the right CCA, the microvascular clip was removed, the catheter withdrawn from the right CCA, and the cephalic CCA was ligated. The puncture was subsequently sealed with cyanoacrylate glue. The CCA was then unligated and with the blood flow restored the wound was closed with suture, and the mice were kept warm on a heating pad until they regained full-mobility.
In vivo MR brain imaging
MR micro-imaging system (μMRI)
The scans were obtained with a SMIS console (Guildford, UK) interfaced to a 7-T horizontal bore magnet equipped with 250-mT/m actively shielded gradients with 200-s rise time (Magnex Scientific, Abingdon, UK). A quadrature litz coil (Doty Scientific, Columbia, SC, USA) designed to fit the mouse head (inner diameter, i.d. = 25 mm; length along the magnet bore axis, L = 22 mm) and tuned to 301-MHz was used for imaging the brain. The coil was incorporated into an in-house custom made holder containing a tooth bar that stabilized the head of the mouse during MRI and was fitted with a nosecone for isoflurane (Aerane, Baxter, Deerfield, IL) anesthesia delivery and with various physiological monitoring devices. a Quantitative analysis of these sets is presented in Fig. 5 , in which the wild-type scans were combined.
The mice were imaged 4-6 h following injection of the contrast agent to ensure its clearance from the blood stream and to reduce the background signal. For induction of anesthesia, the mice received 5% isoflurane in air for 3-5 min and subsequently 1-1.5% isoflurane in air to maintain anesthesia during the MRI scans. Gd-DTPA-K6A␤1-30 was administered by an intracarotid injection with mannitol to osmotically open the BBB to enhance its uptake into the brain (n = 9; see Table 1 ). Each mouse was scanned three times. A 3D gradient echo T2 * -weighted sequence was used for imaging (TE = 15 ms; TR = 50 ms; flip angle = 20 • ), providing a 100 m isotropic resolution with an imaging time of 115 min. The advantage of the 3D-imaging approach is that the image set can be reprocessed in any desired slice orientation, facilitating image comparison during longitudinal studies and co-registration with histology. A pre-ligand injection scan was performed on an intact mouse to determine if plaques could be detected without a contrast agent and to assess the specificity of plaque detection. An injection scan was performed 2 weeks later, 4-6 h following injection of a contrast agent. Finally, a post-ligand injection scan was performed 2 weeks later to determine if the contrast agent was cleared from the labeled plaques. These studies were performed in 18-20 months old Tg2576 mice and 6-8 months old APP/PS1 mice that already have substantial A␤ plaque burden. Control mice included APP/PS1 mice injected with DTPA-K6A␤1-30, without Gd (n = 3) and wild-type mice injected with Gd-DTPA-K6A␤1-30 (n = 5) or Gd-DTPA (Magnevist (Berlex, Montville, NJ), n = 5). Additional controls were repeated pre-ligand scans of the same transgenic mice (11 sets of two pre-ligand scans).
Group assignments
A total of 30 mice were examined (20 transgenic AD model mice and 10 wild-type controls), and 3 groups created:
(1) Transgenic control AD model mice (Tg2576 and APP/ PS1; n = 11) that were not injected (n = 8) or received control peptide (n = 3; Gd free DTPA-K6A␤1-30). (2) Transgenic AD model mice (n = 9) that were injected with Gd-DTPA-K6A␤1-30.
(3) Wild-type (Wt) mice (n = 10) injected with Gd-DTPA (Magnevist; n = 5) or Gd-DTPA-K6A␤1-30 (n = 5).
Data analysis and statistical parametric mapping
The MRI images were analyzed on a Sun Ultra 60 workstation (Sun Microsystems, Mountain View, CA) using MATLAB 5.3 (the MathWorks, Natick, MA) and Statistical Parametric Mapping [SPM 2, Wellcome Department of Cognitive Neurology, London, UK (Friston et al., 1991 (Friston et al., , 1995 ]. The steps involved in processing data for this modified voxel-based analysis (VBA) are realignment, spatial normalization, brain extraction, smoothing and modulation. After being rescaled to an isotropic voxel size of 100 m × 100 m × 100 m, the MR images were realigned to correct for positioning errors. This is done by estimating mispositioning relative to the first scan using a least-squares analysis, and realigning the scans post-hoc using these estimates with rigid-body transformations and SINC interpolation. To implement the VBA of imaging data, data from different subjects must derive from homologous parts of the brain. Spatial transformations are therefore applied that deform and "warp" the images such that they all conform to a standard brain image (i.e., an anatomical template image). The transformation of an image into a standardized anatomical space as that described in the atlas of Franklin and Paxinos (1997) corresponds to spatial normalization. The normalizing transformations are computed on the basis of the MRI data themselves.
The template image was created from all the MRI scans from the entire study group, including the baseline and the follow-up scans, for a total of 30 scans acquired on the same MRI scanner with the same scanning parameters, in order to reduce any scanner-specific bias and provide a template appropriate to the study sample. In order to create such a template, we first chose a brain with a high degree of symmetry, aligned according to the anterior commissure-posterior commissure (AC-PC) line, and free of artifacts. Using SPM, this scan was smoothed with a convolution Gaussian kernel characterized by a full-width at half-maximum (FWHM) = 3 times the voxel dimensions so that the normalization step would not be biased by any peculiar features of the brain. Next, all the MRIs from the entire study cohort were spatially transformed to match this image. This involves registering each scan to the reference image by using the residual sum of squared differences as the matching criterion. The first step in spatial normalization involves estimating the optimum 12-parameter affine transformation to match images (Friston et al., 1991 (Friston et al., , 1995 . SPM utilizes a Bayesian framework, whereby the maximum a posteriori estimate of the spatial transformation is made using prior knowledge of the normal variability in brain size. The second step accounts for global non-linear shape differences, which are modeled by a linear combination of 7 × 8 × 7 smooth spatial basis functions. A masking procedure is used to weight the normalization to brain rather than non-brain tissue. The normalized images were averaged to generate a mean image that was then smoothed with a convolution Gaussian kernel to create the template brain image representing the prototypical mouse brain.
After creating the template image (as described above), each MRI scan in native space was spatially normalized to this image. The spatially normalized MRI images (now in stereotactic space) were resliced with SINC interpolation. We used a semi-automated procedure to remove scalp tissue, skull and dural venous sinus voxels, as well as CSF, from all the structural MRI volumes. With this procedure, voxels outside the brain were automatically isolated from a brain mask. The brain mask was constructed as the largest contiguous structure that is only weakly connected to adjacent structures (e.g., optic nerve connection to the eyes). The normalized images were smoothed with a Gaussian kernel. Smoothing is done to: (1) increase signal relative to noise, (2) condition the data to conform more closely to a Gaussian field model, by rendering the data more normally distributed, and (3) account for anatomical variability among the brains and reducing the impact of possible small misregistrations (Friston et al., 1991 (Friston et al., , 1995 . In order to preserve the volumes of a particular tissue compartment [grey or white matter or cerebrospinal fluid (CSF)] within each voxel, we modulated the images by the Jacobian determinants derived from the spatial normalization to examine differences in the absolute amounts (volumes) of tissue in each voxel (Ashburner and Friston, 2000; Good et al., 2002) .
For the analysis of MRI scans the baseline scan (naïve mice) was compared to the post-contrast injection scan or control scan (naïve mice or Gd free peptide ligand) in all transgenic and control mice. After injection of the Gd-DTPA-K6A␤1-30 tracer, plaques are visualized on MRI as spots characterized by signal intensity different from grey-and white matter, resulting in a loss of signal, as we have observed following Gd-DTPA-A␤1-40 injections (Wadghiri et al., 2003 . The MRI scans were compared using the general linear model (GLM) as implemented in SPM 2 (Friston et al., 1991) . In cross-section, regional specific differences were assessed statistically by comparing the two scans using the GLM/univariate analysis with a two-tailed contrast, namely testing for an increased or decreased probability of particular voxel containing plaques.
Longitudinal effects were examined by comparing the two scans within each group using the GLM/repeated measures. For all analyses, we controlled for global differences in voxel intensity across scans by including the global mean voxel intensity value as a confounding covariate in all analyses. Because SPM uses a whole-brain analysis, a correction for multiple comparisons is applied according to the random field theory (Worsley et al., 1996) . In addition, we performed a separate analysis using the mean voxel intensity in the cerebellum as a confounding covariate. The cerebellum was chosen since this is an area of the brain not subject to amyloid deposition. Corrections for the search volume (and implicit multiple comparisons) in terms of the p values were made using Gaussian random field theory, which accommodates spatial correlations inherent in the data and is now established as the conventional approach to inference in smoothed spatially extended data. Significance levels for one-tailed T statistics were set at p < 0.05, cluster-level corrected for multiple comparisons. Non-parametric Mann-Whitney U-tests were used to test for differences between the subgroups of wild-type mice injected with different ligands at p < 0.05. The clusters were primarily located in: (1) the dorsal-and dorsolateral cortex (retrosplenial-and parietal association cortex); (2) the ventral-and ventrolateral cortex (entorhinal-, perirhinaland pyriform cortex) as well as the amygdala; and (3) the hippocampus.
Histology
These procedures were performed as we have described elsewhere (Sadowski et al., 2004; Sigurdsson, 2005) . Briefly, following MRI, the animals were anesthetized with sodium pentobarbital (150 mg/kg, i.p.), perfused transaortically with phosphate buffer and subsequently with 2% periodate-lysineparaformaldehyde (PLP). The brains were immersion-fixed further overnight in PLP and then placed in 2% DMSO/20% glycerol in PBS overnight or until sectioned. Serial coronal sections (40 m) were cut and every fifth section was stained with a combination of 6E10 and 4G8, both monoclonal anti-A␤ antibodies (Signet, Dedham, MA). Free-floating sections were incubated in a mixture of the antibodies at a 1:1000 dilution. An immunodetection kit was employed (MOM, Vector Laboratories, Burlingame, CA), with the anti-mouse IgG secondary antibody used at a 1:1000 dilution. Antibody staining was revealed with 3,3 -diaminobenzidine tetrahydrochloride (Sigma) with nickel ammonium sulfate (Mallinckrodt, Paris, KY) intensification.
Perls iron stain was performed on every fifth section by placing defatted and hydrated slide-mounted sections for 30 min in a solution containing 5% potassium ferrocyanide and 10% hydrochloric acid. The slides were then rinsed in distilled water, and counterstained for 5 min with nuclear fast red solution. Following washes in distilled water, the sections were subsequently dehydrated, cleared in CitriSolv (Fisher Scientific), and cover slipped.
Results
Binding affinity and toxicity studies
Prior to determining the utility of Gd-DTPA-K6A␤1-30, its binding affinity towards A␤ was assessed by ELISA and its predicted lack of toxicity was verified in cell culture (Fig. 1) . Its affinity for A␤1-42 (3.2 nM ± 1.2) was higher than our previously reported binding of Gd-DTPA-A␤1-40 (Wadghiri et al., 2003) ; however, the same protocol could not be used as described in Section 2, and we have observed some variability in this type of affinity studies which may be explained by different conformational states of A␤1-42, as has been previously reported (Golabek et al., 1996; Halverson et al., 1990) . We found that Gd-DTPA-K6A␤1-30 was not toxic in human neuronal culture as compared to A␤1-42 and measured by the MTT assay at the concentration tested (Fig. 1). 
μMRI and voxel-based analysis (VBA)
In the pre-ligand injection scans of the old Tg2576 animals some dark spots were observed on T2 * gradient echo images that matched large plaques on histological sections. A few large plaques can be visualized in the pre-ligand scan and their detection is likely related to high iron content in A␤ plaques in older mice (see Fig. 3 ). (B) Following intracarotid injection of Gd-DTPA-K6A␤1-30, the number of visualized plaques is substantially increased, and these plaques co-register with plaques detected with 6E10/4G8 antibody on histological sections as depicted in (C). Following the intracarotid injection of a contrast agent (Gd-DTPA-K6A␤1-30), the intensity of these plaques is enhanced and additional plaques are detected (green arrows). These plaques co-register with A␤ deposits on tissue section (C), and the plaques detected without a contrast agent stain for iron as depicted in (D). At this magnification, the Perls' stained iron deposits (blue) appear pink because of the nuclear fast red counterstain used for nuclei and cytoplasm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
This phenomenon was observed both in mice with high ( Fig. 2A and C) and low amyloid burden (Fig. 3A and C) . Iron staining of the brain sections showed a good spatial correlation between A␤ plaques with high iron content (Fig. 3D) and plaques detected by MRI (Fig. 3A) . However, more spots that matched a greater number of plaques were observed following the ligand injection (Figs. 2B and 3B), as indicated by VBA. The 2-week post-ligand injection scans were always similar to the pre-ligand injection scans, indicating that the contrast agent was cleared from the brain (data not shown). Comparison of the pre-ligand injection MRI scans between transgenic and control wild-type mice showed no significant differences (data not shown). This was despite the identification of a few amyloid lesions in transgenic mice without the use of the contrast agent. This small number of lesions, which can be detected by visual inspection of the scans, is not detected by voxel-based analysis. Also, on non-parametric analysis, no differences were found between The first scan (pre-ligand injection scan) was always in naïve animals (no injection), transgenic (Tg) (n = 11) or wild-type (n = 10). The second scan (scan 2) was performed: (1) in Tg controls that were imaged 2 weeks earlier with no ligand injection (n = 8); (2) in Tg controls injected with Gd free DTPA-K6A␤1-30 (n = 3); (3) in Tg mice injected with Gd-DTPA-K6A␤1-30 (n = 9); (4) in wild-type controls injected with Gd-DTPA-K6A␤1-30 (n = 5) or Gd-DTPA (Magnevist; n = 5). Significant differences were observed in the AD transgenic group injected with Gd-DTPA-K6A␤1-30 (Tg contrast ligand) compared to Tg controls. This effect was observed within the whole brain (A; F (2,25) = 10.31, p = 0.001), dorsal cortex (B; F (2,25) = 4.84, p = 0.01), hippocampus (C; F (2,25) = 3.95, p = 0.04), and the ventral cortex and amygdala (D; F (2,25) = 6.39, p = 0.006). When the animals were injected, scan 2 was performed 4-6 h later. On non-parametric analysis, no differences were found between wild-type mice injected with different tracers so those were combined. The dorsal cortex encompasses the dorsal-and dorsolateral cortex (retrosplenial-and parietal association cortex). The ventral cortex contains the ventral-and ventrolateral cortex (entorhinal-, perirhinal-and pyriform cortex). In the graphs, the data is presented as percentage change (±S.E.M.) in signal intensity relative to the prescans within the same group. By contrasting the pre-ligand to the post-ligand injection MRI scans of the transgenic mice injected with DTPA-K6A␤1-30, regional differences were 4% in the whole brain (t (8) = 3.09, p < 0.01), 9% in the dorsal-and dorsolateral cortex (t (8) = 7.67, p < 0.001), 9% in the hippocampus (t (8) = 7.69, p < 0.001), and 10% in the ventral cortex and amygdala (t (8) = 4.41, p < 0.002). (E) Shows the co-registered and spatially normalized pre-ligand (top) and Gd-DTPA-K6A␤1-30 post-ligand injection (middle) scans of one Tg mouse. The resulting difference image is shown on the bottom and was generated with SPM (see Section 2) as the mathematical subtraction of the post-ligand from the pre-ligand MRI scans. Non-brain voxels were excluded from the analysis by applying a brain mask (see Section 2). The subtraction image is displayed using a blue-black color-coded scale to highlight the amyloid-plaques load in the Gd-DTPA-K6A␤1-30 injection scan as compared to the pre-injection scan. The cross-bars in the bottom image are set at the origin of the normalized MRI scan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
wild-type mice injected with different tracers so those were combined in Fig. 5 .
As compared to the pre-ligand injection MRI, significant loss of signal intensity, reflecting amyloid plaques, was observed on the post-ligand injection scans only for the group of transgenic mice injected with Gd-DTPA-K6A␤1-30 (Figs. 4A and 5) . Clusters of voxels representing statistically significant amyloid plaque burden were observed with whole brain analysis ( Fig. 5A; 4%, t (8) = 3 .09, p < 0.01). Greater significance was observed when the analysis focused on brain regions with high amyloid burden which included the dorsaland dorsolateral cortex ( Fig. 5B; 9% , t (8) = 7.67, p < 0.001), hippocampus ( Fig. 5C ; 9%, t (8) = 7.69, p < 0.001), the amygdala, and ventral-and ventrolateral cortex ( Fig. 5D; 10% ,
The analysis of the images was repeated using the cerebellum as a confounding covariate (Fig. 6 ). This analysis confirmed that significant loss of signal intensity on the post-ligand injection MRI as compared to the pre-ligand injection MRI was found exclusively for the group of transgenic mice injected with Gd-DTPA-K6A␤1-30, reflecting amyloid plaques. In cross-section, there were no differences in the pre-ligand MRI scans across groups in any regions (p's > 0.1). Post-ligand injection MRI scans showed group effects for the whole brain ( Fig. 6A; F (2,25) = 10.31, p = 0.001), that were maximized in the dorsal-and dorsolateral cortex ( Fig. 6B; F (2,25) = 4.92, p = 0.016), hippocampus ( Fig. 6C; F (2,25) = 8.35, p = 0.002), the amygdale, and ventraland ventrolateral cortex ( Fig. 6D; F (2,25) = 5.98, p = 0.008). In these regions, post-hoc analyses showed significantly greater amyloid burden for the group of transgenic mice injected with Gd-DTPA-K6A␤1-30 as compared to both other groups (p's < 0.01), and no differences between wildtype mice and transgenic mice imaged without contrast agent. By contrasting the pre-ligand to the post-ligand injection MRI scans of the transgenic mice injected with DTPA-K6A␤1-30, regional differences were 11% in the dorsal-and dorsolateral cortex (t (8) = 3.01, p = 0.01), 16% in the hippocampus (t (8) = 10.8, p < 0.001), 13% in the ventral-and ventrolateral cortex (t (8) = 4.31, p = 0.002).
These findings from the regional analysis support the specificity of our approach and strengthen the feasibility of using gadolinium labeled A␤ homologous peptides for early in vivo plaque detection. Fig. 6 . Quantitative voxel-based analysis on the in vivo MRI scans of AD model mice using the cerebellum as a confounding covariate. The mice analyzed are the same as those described in Fig. 5 . In that figure, global intensity was used as a confounding covariate which can lead to underestimation of differences between pre-and post-ligand injection scans. Because the cerebellum is not prone to A␤ deposition, the images were reanalyzed with the cerebellum as the reference region. This was done by sampling values in anterior cerebellar vermis on the coronal plane of each scan by using a standardized two-dimensional spherical region of interest with a radius of 300 m. By using the cerebellum as a covariate, the analyses confirmed that significant loss of signal intensity on the post-ligand injection MRI as compared to the pre-ligand injection MRI was found exclusively for the group of transgenic mice injected with Gd-DTPA-K6A␤1-30, reflecting amyloid plaques. In cross-section, there were no differences in the pre-ligand MRI scans across groups in any regions (p's > 0.1). Post-ligand injection MRI scans showed group effects for the whole brain (A; F (2,25) = 10.31, p = 0.001), that were maximized in the dorsal-and dorsolateral cortex (B; F (2,25) = 4.92, p = 0.016), hippocampus (C; F (2,25) = 8.35, p = 0.002), and ventral-and ventrolateral cortex (D; F (2,25) = 5.98, p = 0.008). In these regions, post-hoc analyses showed significantly greater amyloid burden for the group of transgenic mice injected with Gd-DTPA-K6A␤1-30 as compared to both other groups (p's ≤ 0.01), and no differences between wild-type mice and transgenic mice imaged without contrast agent. By contrasting the pre-ligand to the post-ligand injection MRI scans of the transgenic mice injected with DTPA-K6A␤1-30, regional differences were 8% for the whole brain (t (8) = 6.96, p<0.001), 11% in the dorsal-and dorsolateral cortex (t (8) = 3.01, p = 0.01), 16% in the hippocampus (t (8) = 10.8, p < 0.001), and 13% in the ventral cortex and amygdala (t (8) = 4.31, p = 0.002). No group differences were found on Mann-Whitney non-parametric analysis contrasting wild-type mice injected with different ligands (p's > 0.1).
Discussion
We and others have previously shown the successful use of gadolinium labeled A␤ peptides to target amyloid plaques in transgenic AD model mice (Poduslo et al., 2002 Sigurdsson et al., 2004c; Wadghiri et al., 2003 Wadghiri et al., , 2005 . This approach for labeling amyloid lesions takes advantage of the high affinity binding A␤ peptides have to other A␤ peptides (Jarrett and Lansbury, 1993; Wadghiri et al., 2003) . However, A␤ peptides are toxic and deposited A␤ can seed further amyloid deposition (Jarrett and Lansbury, 1993; Yankner et al., 1989) . It has previously been shown that circulating A␤ peptides can cross the BBB in vivo and contribute directly to amyloid lesion growth (Mackic et al., 2002) . Therefore in the present study we sought to develop A␤ homologous peptides as amyloid targeting agents, which are non-toxic and non-fibrillogenic. We designed these homologous peptides so that they still have a high binding affinity to wild-type A␤ peptides and also have a similar BBB permeability. In prior studies we have shown that these A␤ homologous peptides do not self-assemble or promote the fibrillization of endogenous A␤ peptides (Asuni et al., 2006; Sigurdsson et al., 2001 Sigurdsson et al., , 2004a ). In the current study we used K6-A␤1-30 chelated to gadolinium via incorporation of DPTA at the amino terminus. In our previously published studies we used K6-A␤1-30 as a vaccine therapy in AD model mice and have shown that this peptide is both non-toxic and non-fibrillogenic (Sigurdsson et al., 2001; Asuni et al., 2006) . In the current study we have also demonstrated that this A␤ homologous peptide is nontoxic when labeled with chelated Gd (Fig. 1) . Importantly, we show that Gd-DTPA-K6A␤1-30 maintains its high affinity binding to A␤1-42, allowing its use as an amyloid targeting agent. As we have previously reported using A␤1-40, the introduction of Gd-DTPA lowers BBB permeability significantly (Wadghiri et al., 2003) . Hence, in order to use this ligand for amyloid labeling the BBB has to be transiently disrupted with mannitol. In this study we document that Gd-DPTA-K6A␤1-30 is able to label amyloid lesions in vivo when the BBB is disrupted with mannitol.
Similar to previous ex vivo- (Lee et al., 2004; Zhang et al., 2004) and in vivo reports (Jack et al., 2004 (Jack et al., , 2005 Sigurdsson et al., 2004b; Vanhoutte et al., 2005) , we were able to image some amyloid lesions in our AD transgenic mice without the use of a contrast agent. With our relatively short imaging times, only a small proportion of amyloid lesions could be detected without the use of a contrast agent. This direct detection of amyloid lesions most likely reflects iron content within plaques (Falangola et al., 2005; Jack et al., 2004 Jack et al., , 2005 Vanhoutte et al., 2005; . Iron deposition has been previously reported both in AD and in transgenic AD mouse model plaques, in particular in more mature lesions (Smith et al., 1997 (Smith et al., , 1998 . We detected plaques without contrast agent mainly in older animals and in large plaques, most likely related to the increased iron content within some of these more mature lesions. However, when we performed voxel-based analysis comparing the preligand MRI scans of controls versus the Tg AD model mice, there were no significant differences, reflecting the small percentage of lesions which can be detected without contrast agent. Detection of AD pathology is most important at the earliest stages of disease, since that is the point at which therapeutic interventions, which are currently under development, will have their greatest effect (Wisniewski and Frangione, 2005) . For the identification of these earlier lesions contrast agents will likely be needed. Other promising approaches under development include MRI detection of 19 F-labeled amyloidophilic compounds as reported in transgenic mice (Higuchi et al., 2005) . Significantly, our MRI based methods are able to detect amyloid deposits in transgenic mouse models of AD even when the amyloid burden is relatively low. PET based methods, such as those using PIB are unable to detect plaques in mice even when their amyloid burden is high as in 12-month-old PS1/APP mice (Klunk et al., 2005) . Hence, for studies developing amyloid clearing agents where transgenic models are being used to evaluate efficacy, MRI approaches are preferred.
In this study we report the first use of a voxel-based analysis (VBA) of AD model MRI. Statistical Parametric Mapping [SPM'99, Wellcome Department of Cognitive Neurology, London, UK] (Friston et al., 1991 (Friston et al., , 1995 ) is a collection of tools available in the public domain for basic visualization and analysis of brain images. It is routinely applied for the analysis of structural and functional brain images in humans and it has been recently applied to an autoradiographic study in rats (Nguyen et al., 2004) . SPM is predominantly used for its convenience in statistical examination of group differences. VBA, as performed with SPM, relies on semi-automated image registration, spatial normalization and smoothing procedures to standardize all brains to a common space and allow assessment of the brain images on a voxel-wise basis. With registration and normalization, one assumes that all structures occupy the same volume and have the same shape. VBA facilitates examination of large data sets through the rapid creation of statistical maps that enable to localize significant changes in the whole brain and on a voxel-wise basis. This represents a powerful, unbiased tool to assess the potential effectiveness of therapeutic interventions for amyloid removal, many of which are currently being developed using AD model mice. In the present study VBA comparison of pre and post-ligand injection allowed us to definitively identify ligand binding associated with amyloid. In our studies the pre-ligand and post-ligand injection scans were done 2 weeks apart; over such a short interval it is very unlikely that significant changes in the volume of brain structural will have occurred. However, age related volume changes in the brain structures in AD model and wild-type mice do occur and could confound comparisons between scans done too far apart temporally (Redwine et al., 2003) . With our imaging protocol, it was important to have pre-ligand injection scans so that dark spots that are associated with vessels (or other dark structures) rather than plaques can be differentiated. Binding of our ligand to amy-loid lesions results in increased darkness on the T2 * -weighted imaging sequences in areas of plaques. Without comparison to pre-ligand injection scans (or amyloid immunohistochemical staining on tissue sections) it is not possible to definitively identify dark spots as plaques. Hence, application of our ligand and imaging protocols for amyloid detection need to be combined with VBA for making a definitive distinction between mice with amyloid plaques and control non-transgenic mice. As shown in Fig. 5 , when our ligand was injected into control mice, no significant difference was noted between pre-and post-ligand injection scans, contrasting with our findings when our ligand was injected into AD transgenic mice. Hence, our ligand is associated with little or no non-specific signal change on T2 * imaging in mice without amyloid lesions.
In the present study we have not directly compared the sensitivity and specificity of VBA versus a region-of-interest (ROI) approach for quantitation of differences in the amyloid burden. It is possible that an ROI approach may have greater sensitivity; however, we focused on VBA as this method is accurate and much more rapid to apply .
A limitation of our imaging protocol is the need to open the BBB with the use of mannitol, along with carotid artery clamping during the injection of the ligand. The use of modifications of gadolinium labeled A␤1-40, such as putrescine conjugation, to increase the BBB permeability have been reported (Kandimalla et al., 2006; Poduslo et al., 2002; Wengenack et al., 2000) ; however, when we performed putrescine modification of Gd-K6A␤1-30 we could not obtain consistent labeling of amyloid deposits with this ligand (data not shown). Several other modifications of ligands to increase their BBB permeability have been reported such as incorporation of poly-cationic domains and coupling with proteins that are actively transported into the brain (Franc et al., 2003; Roney et al., 2005) . We are currently investigating such methods to increase the BBB permeability of our ligand. It is only with overcoming this problem of BBB permeability that our ligand would have the possibility of being applied to humans.
Our present findings support the use of a contrast imaging agent for early plaque detection, using non-toxic, nonfibrillogenic A␤ derivatives such as K6A␤1-30. Such an amyloid contrast probe enhances the sensitivity of plaque detection that allows following the amyloid burden in individual AD mice longitudinally. This will greatly aid the development of therapeutic agents which aim to remove existing amyloid plaques.
